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Abstract 

We study models of strong first order 'low' temperature electroweak phase transition. To achieve this we propose a class 
C^l of Higgs effective potential models which preserve the known features of the present day massive phase. However, the 
properties of the symmetry restored massless phase are modified in a way that for a large parameter domain we find a 
btrong first order transition occurring at a temperature hundreds of times lower than previously considered possible. 
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Introduction: In the early universe at sufficiently 
high temperature T the electroweak (EW) symmetry is 
restored and as result elementary particles existed in a 
massless phase P, 0, H, 0|- There is general agreement 
that for the parameter set of the Standard Model (SM) 
quantum corrections wash out the weak 1st order phase 
transition 0, [1,0, HI, HI- However, seeing the Higgs mecha- 
nism as an effective theory opens the opportunity to mod- 
ify the Higgs effective potential. Such a modification can 
have significant impact on the physics of the electroweak 
phase transition, for example making it strong[lj|- We 
demonstrate by example that a strong transition is possi- 
ble at a temperature which can be a small fraction of the 
usual EW energy scale. 

Considering the SM Higgs sector as an effective theory, 
the theoretical constraints on the potential shape from the 
condition of renormalizibility should be applied solely in 
the neighborhood of the different vacuum states where per- 
turbation theory applies. This removes the requirement 
that the Higgs potential W(h) contain only quadratic and 
quartic terms in h and motivates our study. We model 
here the shape of the Higgs effective potential W(h) away 
from the vacuum expectation value of (h) = vq where it 
has not been probed experimentally. 

The established characteristics of the SM Higgs poten- 
tial V(h) in the unitary gauge are that it possesses a min- 
imum at v = 246/ V2~ GcV with V(v ) = and a mass 
constrained near rrih — 125 GeV according to the latest 
LHC results [lH. This determines the second derivative at 
h = vq. In the unitary gauge, the potential is typically 
taken to be symmetric and quadratic in h 2 , 



V(h) 
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v 



) 2 , A„ 
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which as noted produces a renormalizable theory, but this 



is far from the unique choice with the required character- 
istics. 

An effective Higgs potential model due to un- 
known physics: Viewing the electroweak (EW) sector 
of SM as an effective theory, we have no reason to con- 
strain the behavior of the effective potential W away from 
vo by the form Eq. |T|). Our rationale for employing a dif- 
ferent Higgs effective potential is the same as offered in 
Ref. (lo| . i.e. a consequence of the elimination/integration 
out of other dynamical and/or auxiliary fields reflecting a 
possible bound state structure of Higgs. We refrain from 
entering into detailed discussion of how an effective po- 
tential arises in favor of an exploration of consequences of 
effective potential variants. 

We consider the following family of potentials 



W(h) = f(V(h)), f(x) = 



(1 + Bx/V(0)) k ' 



(2) 



This form Eq. ([2J preserves the known vacuum expectation 
value and mass of the Higgs, but modifies the potential 
near h = and for large values of h. Note that this is just 
one possible modification. We could take / in Eq. (0) to 
be any smooth function with /(0) = and / (0) = 1 and 
still maintain the desired properties of the Higgs. 

By choosing / to be analytic in a neighborhood of the 
real axis, our expansion near the vacuum state contains 
only even powers in h 2 — v 2 , 



W{h) = V(h) 
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differing in this detail from Ref. [10] which obtains their re- 
sults by adding (h 2 — Vq) 3 to the SM Higgs potential. The 
new physics which we find is primarily due to the modifi- 
cation of the potential in the neighborhood of the massless 
phase, not its perturbative properties in the neighborhood 
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Figure 1: Higgs potential for k = 1 (top) and k = 3 (bottom) and 
for B = 0, 1/2, 1, 2, 5 (top curve to bottom curve). 



of vq. Since our potential is not a polynomial, most of our 
findings are novel or/and differ fromjlO]. 

As shown in Fig. [TJ the parameter B in Eq. © controls 
the height of the potential at h = 0, 



B = (V(0)/W(0)) 1/k ~ 1. 



(4) 



We restict to B > in order to avoind singularities in the 
potential. In this case, W(0) < V(0) and so the height 
of the potential at the origin is lower compared to Eq. (JTJ. 
This allows for effects at lower energy scales than predicted 
by the standard potential. For k = 1, W — > V(0)/B. 

h—^oo 

This marks the boundary between stability and instability. 
When k > 1, the height of the potential at h = varies 
with B, but the qualitative behavior of the potential for 
B > is the same as for B — 0. In particular, h = ±«o 
are degenerate stable equilibrium points. When k > 1, 
the collection of equilibrium points h = ±vq ceases to be 
a globally stable set, since W 



0. 



More significantly, when 



(k -l)B>l 



(5) 



the critical point at h = becomes a local minimum rather 
than a local maximum, as can be seen in the bottom panel 
of Fig. [TJ This state is the massless phase of the theory. 
The only massive particle in the symmetry restored mass- 
less phase is the Higgs. In our model we find 



(k - 1)B- 1 
■ 2(1 + B) k + 1 



(0) 



where rrih is the Higgs mass in the symmetry broken mas- 
sive phase. Also note that the boundary case k = 1 + 1/B 



the 'massless' phase corresponds to an ft, -model. 

Finite temperature modification of the effec- 
tive Higgs potential due to SM particles: The min- 
imal coupling of all SM particles to the Higgs contributes 
a strong effective potential modification. This has been 
studied in depth for the SM Higgs potential V(h) and 
it is found that for T = O [vq] there is a transition or 
transformation of the vacuum ground state into the mass- 
less phase. Without quantum corrections a weak 1st order 
transition was found 0,0]. However, numerical lattice sim- 
ulation showed a more complex structure. For Higgs mass 
in the physical domain there is no phase transition, but 
a crossover between the massive and symmetry restored 
phases 0,13) III- Since the 1st order phase transition we 
find in our model will be strong, we believe that the results 
we present in the lowest order of Higgs-matter coupling 
will remain valid upon inclusion of quantum-fluctuation 
effects. 

If we model each elementary particle species as a Bose 
or Fermi gas, then each species contributes a free energy 
density term F = (—T\nZ)/V, and we explore the com- 
bined effective potential U 

U(h,T) = W(,h)-W(0)+£}F±j(h,T)-F ±ij (0,T)]. (7) 



For the purpose of characterizing a phase transition be- 
tween massive and massless phases, only differences in the 
potential are important and thus we removed from U the 
solely T-dependent shift, normalizing the value at the ori- 
gin to U(0,T) = 0. The free energy density terms are0 



F±(h,T) = T 
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2tt 2 



In ( 1 ± e~ E/T ) z 2 dz 



(8) 



E/T= y / z 2 +g 2 h 2 /T 2 , z=p/T. 



Here g s is the degeneracy, g the strength of particle-Higgs 
coupling, 'plus' is for fermions, and 'minus' for bosons. 
The difference in free energy between the massive and 
massless phases is 



F±(h,T)-F ± (0,T) = T 



2tt 2 



In 



1 ± e~ E ' T 
1 ± e~ z 



z 2 dz. 



(9) 

It is very instructive to first note that the unit cou- 
pling of the top quark to Higgs vq — V2m t can alone have 
a very significant impact on the effective potential, a point 
which was not part of the earlier investigations of the phase 
structure of EW theory. In Fig. [5] we show the effective po- 
tential solely derived from inclusion of a top quark gas, in 
the upper frame for the case of SM Higgs potential, and in 
bottom frame for the case of k = 1, B = 10 which indicates 
at T = 0.43t>o a strong 1st order phase transition in which 
h ~ vo switches to massless vacuum h = 0. Thus the 
strongly coupled top-Higgs system produces the desired 
phase property derived earlier from Higgs- W-Z dynamics. 



2 



0.4 




Figure 2: Higgs Effective Potential for B = 0, k = 1 (top) and B = 
10, k = 1 (bottom) for Higgs-top quark system at finite temperature. 

Turning attention to the role of the other SM elemen- 
tary particles, we observe that in Eq. © the finite T con- 
tribution is non-negative, and is negligible for gh <C T. 
Therefore only SM particles with mass on the order of 
the phase transition temperature scale or higher will con- 
tribute. Further study shows that particles with g 3> T/vq 
contribute equally to the effective potential except in a 
neighborhood of h = 0. 

The properties described above imply that including 
particles with GeV mass-scale and above in the free en- 
ergy density F assures that our considerations remain valid 
down to the scale T ~ 1 GeV. Thus we include the Higgs, 
gauge bosons W^, Z° and the top, bottom, charm quarks, 
and the tau lepton. The lighter particles, the u, d, s quarks, 
gluons, e, fi leptons as well as the neutrinos and photons 
are viewed as being massless in our discussion. 

These 'massless' SM particles contribute 0.1% to the 
change in the effective potential and can be ignored in 
the study of phase transition properties. However, these 
particles contribute to the physical properties of the early 
Universe, an important application area of our considera- 
tions. Considering a phase transition in laboratory exper- 
iments the leptonic degrees of freedom should be omitted 
as they cannot be excited, only strongly coupled particles, 
i.e. quarks, gluons, and massive Z°, are relevant. 

We approximate the effect of the Higgs by adding the 
free energy of a Bose gas to the effective potential in both 
the massless and massive phase, where the mass in each 
phase is determined by the Higgs effective potential due 
to all other particles. This neglects the Higgs' impact on 
self consistently determining its mass and the value of h 



in each phase. However, it is only one degree of freedom 
out of many so this effect should be negligible. 

Phase structure: Considering the properties of U, 
Eq. (UJ, we identify three critical temperatures relevant to 
the phase transition. We define 

• T Cl to be the temperature where the massless phase is 
restored, 

• T C2 to be the temperature at which the critical points 
become degenerate, and 

• T C3 the temperature at which the massive phase is elim- 
inated. 

In the following, we will call T C2 the phase transition tem- 
perature. Note that by integrating (JTJ) by parts, one can 
see that the effective potential difference equals negative 
the pressure difference. Therefore, for T < T C2 the mas- 
sive phase is at a higher pressure than the massless phase, 
which implies that nucleated bubbles of the massive phase 
will expand. The opposite is true for T > T C2 where the 
massless phase is at higher pressure and bubbles of sym- 
metry restored vacuum expand. 

The critical points occur at the zeros of 

r(h rp\ _ \ h h{h*-vl){l-B{k-l){hZ/vl-lY) 

[ ' ' (l + S(/i 2 /«o-l) 2 ) fe+1 

^g s g 2 T 3 h f°° z 2 /E , , . 

To track the location of the critical point for T > we 
solve the ode 

dT~ dT\dh) ' ( ' 

Figure [3] shows phase diagrams for k — 1 (top) and 
k — 2 (bottom) respectively. The solid line is where the 
two minima of the effective potential U, Eq. ([7]). are equal. 
The dashed lines, as defined above, indicate where these 
minima first appear or respectively disappear depending 
on if we heat (heavy ion collisions) or cool (early Universe) . 
We note that for B — > both cases approach the limit 
of the SM Higgs potential, all three lines are very near 
to each other, converging at T ~ 0.63i>o, corresponding 
to transformation temperature near 110 GeV. The phase 
transition at this level of discussion is weakly first order in 
agreement with previous works, and quantum fluctuations 
wash out this transition. 

For either given value of k, the phase transition temper- 
ature, T C2 , decreases as B increases due to the reduction 
in W(0). The large metastable region suggests that the 
phase transition is strongly first order for all B > 0. Also 
note that for k — 2 and B > 1 we are always in either the 
metastable or massless phase, even at zero temperature. 
This holds under the more general condition, Eq. ((5|) . 

Strength of the EW phase transition: As dis- 
cussed above and seen in Fig. [3] the transition is first 
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Figure 3: Phase domains as a function of the Higgs potential param- 
eter B for k = 1 (top) and k = 2 (bottom). 

order in the explored parameter range with coexistence do- 
main increasing as B increases. The transition is strong, 
in the sense that a large jump in Higgs and particle en- 
ergy densities occurs when h C2 w v and gh C2 ^> T C2 , where 
h C2 denotes the value of h in the massive phase at T C2 . 
Neither of these conditions hold for the standard Higgs 
potential, but as B and k increase, the strength of the 
phase transition increases. Figure 0] shows the jump in 
h/vo, which approaches unity for large B > 100 consider- 
ing value k = 1. In such a transition there is a very large 
change in the structure of the vacuum. 

An illustration of the transition strength of relevance 
to the expandion of the Universe is the trace of the energy 
momentum tensor, e — 3P, which is shown in Fig. [3] scaled 
with T 4 as function of T/vq. The discontinuity is a con- 
sequence of the phase transition at T C2 For each value of 
B, the plot to the left and right of the discontinuity corre- 
ponds to the massive and massless phases respectively. For 
B = the minimum between the two humped structure 
originates in the temperature domain where all particles 
with mass below or at the bottom quark mass are nearly 
massless but the heavier T, W^, Z°, H are not yet excited. 

For the SM Higgs potential, B = 0, we see in Fig. [5] 
that the SM Higgs case has a small discontinuity which is 
washed out by quantum fluctuation effects. In this case 
the expansion of the Universe seems smooth even though 
the expansion rate changes as it crosses the bumps in 
(e — 3P)/T 4 . The positive jump in e — 3P as we cross 
the discontinuity is due to the contribution of the effective 
Higgs potential. This jump increases as B does due to 
the lower transition temperature. The energy density and 




Figure 4: Ah/vo at critical temperature T C2 in the k,B plane. 

pressure of the Higgs potential is independant of temepra- 
ture, and therefore dominates the contributions from the 
particles at lower T. 

For the case of the strong transition B > 1 a more 
complex dynamical picture ensues with a true first order 
phase transition appearing and a much more bumpy ride in 
the expansion, accompanied by nucleation dynamics which 
would require a significant effort to characterize. An im- 
portant feature we see again in Fig. \5\is that as B increases 
the strong phase transition will occur at decreasing tem- 
perature. There is a priory no limit how far down we can 
push the temperature. Though the factor B would need 
to be rather large to allow a transition in heavy ion ex- 
periments at the LHC, that is for T/vq = 2 x 10~ 3 , there 
is no a priory reason to exclude this case. Recall here the 
relation of the two foundational scales, Mp/vo = 7 x 10 16 , 
where Mp is the Planck Mass. Connections between these 
disparate scales have been explored and if there were to be 
a relation (l2j. appearance of a seemingly gigantic B may 
not be that surprising. 

Discussion: We have presented a class of Higgs ef- 
fective potential that significantly lowers the EW phase 
transition temperature, see Fig. [31 while preserving the 
Higgs vacuum expectation value and mass. We further 
have shown that in a wide domain of parameters we con- 
sidered, the transition is strongly first order, see Fig. 01 
and the transition temperature can be pushed to very low 
values by making an appropriate choice of the effective 
potential parameters. 

The proposed modification of the (effective) Higgs po- 
tential seen in Fig. [TJ has a vanishing impact on the prop- 
erties of the Higgs particle in the massive phase, up to 
vacuum fluctation effects. These do probe to some de- 
gree the structure of the potential beyond the location 
(h) = Vq, though given the high Higgs mass these effects 
are small. However, in principle our proposed modifica- 
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Figure 5: The trace of the energy-momentum Tensor e — 3P scaled 
with T 4 as function of T/v at k = 1, and B = 0, 10, 10 2 , 10 3 , 10 4 . 

tion of the effective potential which comes along with a 
higher dimensional nonrenormalizable operator could in- 
fluence precision fit of the properties of EW sector of the 
SM model, ft would be of interest to see if the modification 
we propose are capable of improving the precision fit which 
tends to favor a Higgs mass below the experimentally fa- 
vored value Moreover, the range of effective potential 
parameters we consider could be perhaps constrained. 

A vast domain of application of the proposed class of 
models is in cosmology. To further the possibility of baryo- 
genesis a related model was proposed earlier which assures 
a strong 1st order phase transitionflO], and another ap- 
proach with approximate conformal symmetry explored 
the effects of potential modifications further [14j . We have 
shown here by example that a 1st order EW transition 
can occur at a temperature scale 100 times smaller than 
previously considered possible, and thus relatively late in 
the evolution of the primordial Universe. The time span of 
potential baryogenesis[l5| associated with the EW phase 
transition is therefore considerably extended in view of the 
slow down of the expansion, potentially allowing for mod- 
els consistent with observation. Interestingly, the energy 
threshold for the breaking of baryon conservation can be 
expected to be much lower at the phase transiton temper- 
atures found here. 

We see potential opportunity to explore the electroweak 
phase transition in the laboratory. In the range 0.5 < k < 
2 and for relatively large values of B > 100 the transition 
temperature, barrier height, and latent heat are in the 
GeV range achievable in relativistic heavy ion collisions. 
A visible, natural signature of the formation of a massless 
EW phase in laboratory experiments would be abundant 
production of top and other massive quarks. 
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